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Abstract 
 
The aim of this study is to study the influence of mechanical parameters on shear wave 
propagation and therefore on the equivalent modulus of elasticity derived from the shear 
wave propagation speed. An experimental tensile including shear wave elastography (SWE) 
tests has shown that the stiffness deriving from force/displacement curve and from SWE are 
not the same. This non-coherence between both methods has been explained by the fact 
that the material parameters assumed by SWE are not valid regarding muscle tissue. For 
that purpose several tools have been developed with the software LS-Dyna (LSTC, 
California) and Matlab (Mathworks, France) and validated using material properties assumed 
by SWE (isotropic, non-linear and incompressible material). 
 
A finite-element model has been developed using the same boundary conditions as those 
used during an experimental test and an experimental design has been defined in order to 
estimate the influence of three mechanical parameters (strain rate, incompressibility and 
material non linearity) on the assessment of equivalent moduli of elasticity in the longitudinal 
and transverse direction.  
 
As a result it appears that the material linearity is the most influent parameter on the 
assessment of moduli of elasticity in the transverse direction whereas no mechanical 
parameter seems to be influent on the equivalent modulus of elasticity in the longitudinal 
direction: for a non-linear material, the shear waves propagates at a higher speed in the 
longitudinal direction than in the transverse one. 
 

 
Keyword 
 
Shear wave elastography, finite element method, mechanical parameter influence, shear 
wave propagation speed, experimental design 
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1. Introduction 
 
 
This six-month study took place at the University Claude Bernard Lyon 1 in the 
Biomechanics and Impact Mechanics Laboratory (LBMC). This laboratory is composed of 
four branches called Impact Biomechanics, Ergonomics, Structures and Orthopedics. This 
study falls within the research projects of the Orthopedics cluster. Its main activities are 
focused on the study of the behavior of the human musculoskeletal system in various areas 
such as orthopedics, sports medicine or functional rehabilitation. 
 
In movement analysis muscles are most of the time represented as one-dimensional 
structures which make easier optimization calculations (Delp, Scott L., and J. Peter Loan, 
2000). However this approach has certain limitations: external geometry of the muscle or 
fiber organization is not considered. Therefore such numerical models cannot be 
customizable as a function of in-vivo patient parameters (ex: geometry, mechanical 
parameters). For such needs the Orthopedics cluster establishes 3D-deformable models. 
Muscles are complex structures and the laboratory uses several processes in order to get 
customizable 3D-deformable models. External geometries are obtained from medical 
imaging techniques such as CT-scan and internal behavior are deduced from SWE data 
(Shear Wave Elastography). 
 
 

1.1. Striated skeletal muscle 
 

1.1.1. Configuration 
 
 
Three groups of muscle compose the human body: the heart muscle, smooth muscles and 
striated skeletal muscles. Only the last group has been studied during this internship. The 
striated skeletal muscles are complex, multi-scale structures and have two kinds of behavior: 
passive and active also called contraction.  
 
Basically muscles are composed of an extracellular matrix and muscle fibers. (Figure 1) 
 

 

  
Figure 1: Structure of a skeletal muscle (from U.S. National Institutes of Health. “SEER Training: Structure of 

Skeletal Muscle.”) 

Muscle fibers can have different configurations: striated skeletal muscles can be for instance 
fusiform (fascicles run parallel to the direction of the muscle), unipennate or bipennate 
(fasciles form an oblique angle to the tendons). All these configurations lead to a mechanical 
behavior that can be complex. 
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Figure 2: Muscle fiber configuration (from Uzwiak. “Lecture 14: Muscles III.”) 

 
 

1.1.2. Mechanical properties of the muscle 
 
 
Muscle fiber types can be broken down into two main types: slow twitch (Type I) muscle 
fibers giving a passive mechanical behavior of the muscle and fast twitch (Type II) muscle 
fibers giving the active mechanical one. This report will stay focused on the passive 
mechanical behavior.  
 

1.1.2.1. Force-length relation 
 
Because of its complex fiber configuration, the mechanical behavior of the muscle has been 
mainly studied experimentally. As mentioned before the different kinds of muscle fibers give 
several curves force/displacement.  

 
Figure 3: Force-length relation a: passive force, b: whole force, c: active force, F: force generated by the muscle, 

L: muscle length (Goubel et Lensel-Corbeil, 1998) 

 
 
For a given key length the force measured (curve b, Figure 3) is the sum of an active force 
(curve c, Figure 3) and of a passive force (curve a, Figure 3). 
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The relation passive force/length is strongly non-linear (see Figure 2) and looks like a 
hyperelastic material behavior. What sets this kind of material apart is its characterization by 
deformation energy as a function of the gradient of transformation. A review of the literature 
shows that the passive mechanical behavior of the muscle is usually modeled with a 
Mooney-Rivlin material law (Johansson et coll. 2000) or an Ogden material law (Bosboom et 
coll. 2001).  
 

1.1.2.2. Incompressibility 
 
 
Muscles are organs usually considered as full of water which is considered most of the time 
as a quasi-incompressible material as well as human organs such as muscles. On a 
mechanical note finite-element models in the literature use a Poisson’s ratio ν very close to 
0.5 when the passive behavior of the muscle is studied. (Martins et coll. 1998, Blemker et 
coll. 2005) 
 

1.1.2.3. Anisotropy 
 
As mentioned before muscle tissue is inhomogeneous and has a fibrous structure that leads 
to an anisotropic mechanical behavior. Muscles that are studied in this report are organs of 
the abdominal wall. They are usually considered as transverse isotropic material (Blemker et 
coll., 2005, Jolivet et coll., 2009, Martins et coll., 1998): that means that the material has 
mechanical properties which are symmetric about an axis that is normal to a plane of 
isotropy. When muscles are studied the plane of isotropy is chosen as the plane orthogonal 
to the fiber direction (Figure 4).  
 

 
Figure 4: Three-dimensional model of transversely isotropic biceps muscle [Mathematical Analysis of Applied 

Loads on Skeletal Muscles During Manual Therapy] 

 
Other mechanical properties could be outlined such as viscosity but because of the study of 
the passive behavior of the muscle only, these mechanical aspects will be not explained in 
this report.  
 

1.2. Shear wave elastography 
 
As mentioned before numerical models need to be customizable from a geometrical and 
mechanical point of view. For fifteen years studies have been made in order to characterize 
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pathologies in breast or livers (fibrosis, cirrhosis) (Deffieux, 2008). This new method is based 
on the propagation of shear waves in a continuous medium and is called Shear Wave 
Elastography.  
 
 
Shear Wave Elastography (SWE) is a non-invasive medical method that assesses soft tissue 
stiffness in real time for detection and characterization of pathologies in organs. As a method 
the tissue first needs to be locally excited by a radiation force. This small displacement 
propagates through the tissue as a mechanical shear wave, the speed of which is measured 
thanks to ultrafast echography (Figure 5).  
 
The following parts will explain the main three parts which lead to the estimation of 
continuous medium stiffness. They are called excitation (by radiation force), acquisition 
(ultrafast echography) and stiffness estimation (inverse problem)  according to Bercoff, 2004.  
 
 

1.2.1. Radiation force and wave propagation 
 
 
In order to assess the medium’s stiffness the shear wave of which the speed is measured 
must be a plane wave. In order to apply a radiation force in the medium ultrasounds are 
focused successively at several depths in the medium (Figure 5). The interference of these 
shear waves generated at every focus lead to a plane shear wave of which the propagation 
is studied, in particularly its speed. 
 

 
 

Figure 5: Supersonic Mach cone generation (Bercoff, 2004 (left), Deffieux, 2008 (right)) 

 
Because the different focuses are made at a speed higher at the speed of sound a Mach 
cone is generated (Figure 5).  
 
 

1.2.2. Ultrafast echography 
 
To understand how ultrafast echography works it is first necessary to remind how 
echography works. As a method echography is based on the emission of compression 
waves as well as their reflections during their propagation in the medium studied. After 
reconstruction of the echoes reflected it is possible to get morphologic pictures of organs. 
Echography consists in focusing successively ultrasounds and creating a picture during a 
step called beamforming which estimates in fact the distribution of echogenicity (variation of 
acoustic impedance). Echography has an acquisition frequency up to 100Hz. 

Shear wave 

Ultrasound 
probe 

Successive 
“pushs” 

Imaging plane 
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Ultrafast echography has a much higher acquisition frequency: 100 kHz. This frequency is 
indeed possible thanks to the emission of a plane wave by emitting ultrasounds in the 
medium entirely in one time without successive focuses of ultrasounds (Figure 6). Such an 
acquisition frequency it is possible to study the shear wave propagation induced by the 
radiation force described before and to measure in particularly the wave speed. 
 
 

 
 

Figure 6: Ultrafast Echography (Deffieux, 2008) 

 
1.2.3. Calculation of an equivalent modulus of elasticity 

 
 
As mentioned in the previous part the material stiffness is computed from the propagation 
speed of the shear wave. From the dynamic equations of motion it is possible to find an 
equation between the shear modulus μ the medium density ρ, assumed as constant in the 
medium, and the shear wave speed c (Deffieux, 2008). 
 

 

 
Moreover for a quasi-incompressible isotropic linear-elastic material of which the density 
stays the same the modulus of elasticity E  can be written as a function of the shear modulus 
(μ) and the Poisson’s ratio (for small strain rate): 
 

 

 
Therefore substituting μ in the previous equations there is a relation between the modulus of 
elasticity and the propagation speed of the shear wave since ν≈0.5 (quasi-incompressible 
material): 
 

 
 
 
 

Ultrasound plane wave 
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1.3. Issue 
 
This report is based on an experimentation which took place at the Biomechanics and Impact 
Mechanics Laboratory in Bron (69). From the perspective of improving the understanding of 
the muscle behavior a tensile test has been made on a muscle from the abdominal wall. 
During the test stiffness measures have been made on the sample using shear wave 
elastography and curves force/displacement have been plotted in order to compare both 
stiffness with the two different methods.  
 

 
Figure 7: Rectus abdominis 

The sample used during this experimentation came from the rectus abdominis muscle (post-
mortem, human, 76 years old) (Figure 7). The sample has been taken from the inferior costal 
margin to the pubis. The envelope of the muscle has been taken off as well as the peritonea 
(Figure 8).  
 
The testing machine used was an INSTRON 8802 machine (High Wycombe, England). The 
initial sample length was equal to 142 mm and a precycling (6 cycles, opening of the jaws: 
22mm, speed: 10mm/s) has been operated before testing. The displacement speed of the 
jaws during the test was equal to 0.1mm.s-1. Concerning the data from shear wave 
elastography they come from an Aixplorer® machine (Probe SuperLinearTM SL10-2, 
Supersonic Imagine, Aix en Provence, France) and the modulus of elasticity has been 
measured every 0.5 mm-displacement. 
 
It must be emphasized that the operator took care of positioning the muscle in a position 
leading fibers oriented in the direction of the jaw displacement.  
 
 
 
  
 
 
 

Rectus abdominis 
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Figure 8: Sample used during the tensile test (left: before the dissection, right: during the tensile test) 

 
In order to estimate the medium stiffness two methods have been used:  
 

 From curves force vs. displacement an equivalent modulus of elasticity has been 
computed as the ratio between both quantities (force and displacement) for every 
displacement step.  

 The second method has consisted in using directly data from shear wave 
elastography. 
 

Computed value and the modulus of elasticity measured by shear wave elastography have 
been compared. As it can be seen on the Figure 9 there is no agreement between both 
methods.  

 

 
 

Figure 9: Experimental data. Left: modulus of elasticity (kPa) computed from the ratio between force and 
displacement as a function of jaw displacement (mm). Right: modulus of elasticity (kPa) measured by 

elastography as a function of jaw displacement (mm)  

 
 
However the curve force/displacement seems to be in agreement with the literature as well 
as the equivalent modulus of elasticity computed therefore. Disagreement between both 
methods may reflect the fact that assumptions used for Shear Wave Elastography (ex: 
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isotropy, linearity, Poisson’s ratio equal to 0.5) are not valid for soft tissue. As said in the part 
1.1 muscle tissue is strongly non-linear (passive behavior) and anisotropic. Therefore it is 
necessary to understand what mechanical parameters previously mentioned have the 
highest influence on elastography measures.  
 
 

1.4. Aims 
 
The main aim of this study is to estimate the influence of mechanical parameters of muscle 
tissue on Shear Wave Elastography results. This work is based on the results from the 
tensile test described in the part 1.3.  
 

 The first part of this study consists in establishing a finite element method from an 
existing meshed geometry (Figure 10). The external wrap has been developed thanks 
to a 3D-scan during the tensile test (7-axes measuring arm, MCAx combined with a 
numerical laser scanner and an inspection, scanning software, Nikon metrology). This 
wrap has been then used to create a three dimensional meshed geometry (eight-
node hexahedral elements, 21472 elements, 25920 nodes).  
 

                       
Figure 10: Meshed geometry (left) muscle during the tensile test (right) 

 
 
The LS-Dyna code (Livermore Software Technology Corporation, LSTC, California) 
has been used in order to simulate Shear Wave Elastography experimentation with 
the aim of computing an equivalent modulus of elasticity at a given strain rate.  

 
 The finite element model developed in the first part will aim to estimate the influence 

of mechanical parameters of the muscle tissue about the calculation of the modulus 
of elasticity equivalent. Three mechanical parameters are evaluated: non-linear 
material, non-quasi-incompressible material.  
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2. Material and methods 
 
2.1. Finite element model 

 
2.1.1. Part 

 
2.1.1.1. Elements 

 
According to the keyword user’s manual of LS-Dyna (Livermore Software Technology 
Corporation (LSTC), California), the integration method must be chosen when the kind of 
section is assigned to the material (e.g. solid, shell). Therefore a solid section has been 
chosen as well as fully integration method for quadratic 8 node element with nodal rotations 
(ELFORM=3). 
 

2.1.1.2. Material 
 
Several kind of material (linear, non-linear elastic, incompressible, quasi- or non-
incompressible material) have used for simulations. All of them are described in the following 
parts. 
 

2.1.2. Boundary conditions 
 
Basically the boundary conditions used for the simulations are the same as those of the 
tensile test described in the section 1.3.  
 

2.1.2.1. Traction phase 
 
The first part of the simulation consists in simulating the experimental tensile test. Therefore 
the sample is one-sidedly clamped whereas a prescribed motion dispz is applied to the other 
one (Figure 11, 12). As in the experimentation dispz varies from 0 to 25 mm (displacement 
step equal to 5mm). The time of the traction phase has been chosen equal to 0.1s to 
minimize simulation time.  
 
This first phase is simulated with an implicit method which consists in converging solutions 
for every time step. The time step is adjusting (increase or decrease) at every time step 
depending on the number of iterations before convergence. In order to minimize the 
simulation time, the initial time step has been chosen equal to 0.1s, i.e. the same time of the 
traction phase one. For all simulations a simple precision solver is used.  
 
Moreover the option Dynamic Relaxation (see LS-Dyna keyword user’s manual) has been 
used for this first simulation part. This option has the advantage of initializing stresses and 
deformation in the model to simulate the traction phase as a preload. Therefore the sample is 
already under tension at the beginning of the simulation time origin (Figure 12).  
 
Furthermore residual velocities stay in the sample at the end of this first simulation part 
because it is under tension. With the Dynamic Relaxation option is included to the model, all 
velocities are set to 0 at the end of the preload, hence at the beginning of the simulation.  
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Figure 11: Boundary conditions in the finite-element model. Tensile test simulation (a) Section view A-A (b) 
Radiation force simulation (the black dots represent the nodes inside the node set) (c) 

 
2.1.2.2. Radiation force 

 
Once the simulation of the tensile test is over, the sample stays under axial tension and a 
displacement (u) is prescribed to a node set (Figure 12, 11: phase B) in order to simulate the 
radiation force of SWE. This node set contains all nodes inside a cylinder defined as 
following: a circle with center P the position of the ultrasound probe used during the 
experimental test is plotted. This circle is then projected (y-direction) in the sample thickness 
leading to the cylindrical node set.  
 
Therefore it can be easily understood that the node set is not at the same position when the 
sample is or is not under tension. Thus the node set is re-defined at the end of the traction 
keeping the center P of the circle described before at the same position in relation to the 
distance from clamped slide of the sample. During the experimental test the ultrasound probe 
has indeed stayed at the same position for each displacement step.  
 
This small displacement generated by the radiation force leads to the propagation of a shear 
wave of which the speed of propagation is measured in the last phase. This simulation part is 
simulated with an explicit method. 
 

dispz 

A 

A 

u 

a) b) c) 
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Figure 12: Boundary conditions. A first phase (A) consists in simulating the tensile phase by prescribing a 
displacement (dz) to an extremity of the sample. At the end of this first phase, a displacement (u) is prescribed to 

a node set in order to simulate the radiation force. The last phase aims to study the propagation of the shear 
wave induced by the radiation force. The first phase uses an implicit method whereas both last ones use an 

explicit method 

 
2.1.2.3. Shear wave propagation 

 
The last part of the simulation (Figure 12: phase C) aims to study the propagation of the 
shear wave. During this study the speed of the propagation of the shear wave is assessed in 
order to get the equivalent stiffness of the sample. Therefore the sample stays under tension, 
i.e. dz is unchanged as at the end of the phase A whereas the node set on which a 
displacement u was prescribed during the phase B is unconstrained. 
 
The last two parts of the simulation are computed with an explicit method (time step equal to 
1x10-6 s).  
 
 

2.1.3. Shear wave propagation analysis and shear wave propagation timing 
 
In order to assess the shear wave propagation speed a graphical analysis is made. As there 
is no tool available with the post-processing software LS-PrePost that could assess the shear 
wave propagation speed a homemade toolbox has been developed. The shear wave front 
displacement is timing using a handmade toolbox developed with the software Matlab 

Explicit method 

time 

dz
 

u 
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Preload 
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(MathWorks, France). This toolbox has not been developed either as part of this study. 
Hence an overview only will be made in this report.  
 

2.1.3.1. Timing of the shear wave front propagation 
 
The shear wave propagation is studied in two directions around the node set on which a 
displacement u is prescribed (Figure 13). This displacement u is prescribed as a function of 
y. Therefore it is expected that the shear wave propagates circularly around the impulsion 
area, i.e. around the vector y. 
 

                               
Figure 13: Left: Node set on which a displacement is prescribed (radiation force). Right: Definition of segments, 

paths around the node set on which the radiation force is applied. Shear wave propagation expected (dash 
circles). Two segments are defined around the area where the radiation force is applied. Every segment is 

composed of 4 parts called path. 

 
 
At the end of the phase B i.e. when the sample is under tension and the displacement u has 
been prescribed to the node set, displacements in the y-direction around the node set are 
studied. For this, two segments are defined around the node set. Five points are placed on 
each segment creating then four paths (see Figure 13). The first point of each segment is 5 
mm far from the center of the node set and the path length has been defined as equal to 1 
mm. This configuration has been used for all simulations described in this report. 
 
When the shear wave will pass through any extremity of a path, the extremity will get a 
displacement in the y-direction. Thus, the time at which an extremity passes through a 
maximum will correspond to the passage of the shear wave. As shear wave keeps 
propagating, every path extremity of a same segment will pass through up a maximum with a 
delay. Knowing the distance between every path extremities it is possible then to know the 
shear wave propagation speed.  
 
For a better understanding, Figure 15 shows an example of the method described before. 
During the shear wave propagation, the displacement of each path extremities is recorded in 
the y-direction as a function of time.  Each extremity passes through up a maximum with a 
delay in time. Knowing the distance between each extremity, it is possible to deduce the 
shear wave propagation speed for each path by calculating the ration distance/delay. 
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Figure 14: Method for timing the shear wave propagation speed (1 segment, 4 paths) 

 
2.1.3.2. Handmade toolbox 

 
 
Using screenshots and an optical character recognition software, a section view is made at 
the point P (center of the node set on which the radiation force is applied) in the y-axis for 
every time step. The y-velolcities (same periodicity as y-displacements) of each extremity of 
the three segments are plotted as a function of time. Finally a function calculates the delays 
and deduces the shear wave propagation speed for each path and for each segment. As 
explained in the section 1.2.3, it is possible then to calculate an equivalent modulus of 
elasticity. 
 
The homemade toolbox uses the d3plot file generated by LS-Dyna during the simulation. 
This file is read thanks to the post-processing software LS-PrePost (Livermore Software 
Technology Corporation, California). At every time step the section-view is generated and the 
chosen value (e.g. y-displacements) appear in a color codes form. The color of every pixel is 
then converted in the unit wanted thanks to the color scale (e.g. milimeters). It must be 
emphasized that these values are not nodal ones. 
 
 

2.2. Method validation 
 

2.2.1. Traction phase validation 
 

2.2.1.1. Method 
 
As explained in the previous section, the finite-element software used (LS-Dyna, Livermore 
Software Technology Corporation, Caifornia) can generate a file called d3plot bringing 
together several results of the simulation in a graphic form. Thanks to the legend, every pixel 
color is assigned to a value and its unit. These results used in this study (normal stress, 
strain, displacement, cross-section area and reaction force) are usable with the post-
processing software LS-PrePost (Livermore Software Technology Corporation).  
 
In order to assess the stiffness sample a graphical analysis is made as well. Values used for 
assessing the real stiffness in the sample after the traction phase are the evolution of normal 
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stress, area and reaction force has been used. The real stiffness has been assessed in the 
cut-section oriented in the z-direction and passing through the center of the node set on 
which the radiation force is applied. The real modulus of elasticity in this cross-section has 
been computed for each displacement with two equations as following according to Hook’s 
law:    
 

 

 
 
σzz and εzz are respectively the stress and the strain in the normal direction. Fz is the resultant 
force is the normal direction and Axy is the cross section area in the plane normal to the 
normal direction and passing through the center of the node set on which the radiation force 
is prescribed.  
 
Therefore the phase A only has been simulated and the real modulus of elasticity has been 
assessed at the end of the simulation using the handmade toolbox. For that purpose the 
same boundary conditions as have been used those described in the part 2.1.2.1.  
Simulations have been made for an elongation equal to 0, 5,10,15,20 and 25 mm. For each 
displacement the real modulus of elasticity has been assessed using the previous method.  
 
The material MAT_077_O (Ogden rubber) has been chosen in the LS-Dyna material library. 
This hyperelastic material model is used to describe the non-linear stress-strain behavior of 
complex materials.  Like other hyperelastic material models, the Ogden one assumes that 
the material behavior can be described by means of a strain energy density function, from 
which the stress-strain relationships can be derived. With the software LS-Dyna this kind of 
material has the advantage of being able to use an experimental stress-strain curve. The 
Poisson’s ratio assigned to the material has been chosen equal to 0.495 and the density 
equal to 1200 kg.m-3. Two curves have been used for that purpose: 
 

 The first stress-strain curve is derived from the experimental force/displacement 
curve. First, after discretization (11 values) force values have been divided by the 
initial cross-section area Axy and the displacement has been divided by the initial 
length in the z-direction (green curve, Figure 15). As it can be seen, this curve 
decreasing from 0.03 to 0.07 %strain. Thus the solution cannot converge from a 
numerical point of view. Consequently the curve had to be modified so that the 
implicit code finds a solution. For that purpose, a linear curve has been plotted 
passing through the minimum of the experimental curve and through its maximum 
(Figure 15, red curve). After that, the curve used for the simulation has been defined 
as the difference between both previous curves multiplied by a coefficient β. The 
coefficient used has been the smallest one (equal to 0.2) at which the curve keeps 
increasing (Figure 15, blue curve). The order to fit the Ogden model has been chosen 
equal to 3 (Ogden, 1984) 

 
 The second stress-strain curve used for validating the method is a linear curve (slope 

equal to 0.15). The same parameters has been used as those described before.  
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Figure 15: Stress/strain curves used for Ogden material card. (green: experimental data, red: linearized 
experimental data, blue: data used for the validation) 

 
2.2.1.2. Results 

 
Here below figures results from simulations described before. Results with the non-linear 
stress/strain curve assigned to the material are plotted in Figure 16 and in Figure 17 whereas 
those with a linear stress/strain curve assigned to the material are plotted in Figure 18 and in 
Figure 19. 
 
In Figure 16¸ normal stresses in MPa assessed with different methods are plotted as a 
function of strain εzz (%). The blue curve shows the evolution of the normal stress assigned to 
the material, the red one represents the evolution of the normal stress σzz coming directly 
from the d3plot file and the green shows the evolution of the normal stress defined as the 
ratio of the reaction force in the normal direction Fzz and the initial area Axy. All these values 
are plotted as a function of strain εzz. 
 

 
Figure 16: Evolution of normal stress (MPa) computed with the method developed (non-linear stress/strain curve) 

as a function of strain.  
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Figure 17: Evolution of the moduli of elasticity assessed as a function of strain for a non-linear material. Errors 

between moduli of elasticity assigned and assessed. 

 
Results in Figure 17 derive from the method described before. The blue and the violet curves 
represent respectively the evolution of Eratio_tens and the evolution of Eratio_force_area (MPa) as a 
function of strain εzz (%) whereas the orange one shows the evolution of the modulus of 
elasticity assigned to the material. Errors in % between the modulus of elasticity assigned 
and those assessed (orange bars:  Eratio_tens, blue bars: Eratio_force_area) have also been plotted.  
 
Concerning the results from simulations with the linear stress/strain curve, they are plotted in 
Figure 18 for the evolution of the different normal stresses assessed and in Figure 19 for the 
evolution of the modulus of elasticity computed with the method described.  
 

 
Figure 18: Evolution of normal stresses (MPa) computed with the method developed (linear stress/strain curve) as 

a function of strain.  
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Figure 19: Evolution of the moduli of elasticity assessed as a function of strain for a linear material. Errors 

between moduli of elasticity assigned and assessed. 

 
On the Figure 18, the orange curve represents the evolution of the normal stress (MPa) 
assigned to the material. The blue one is the evolution of the normal stress σzz coming 
directly from the d3plot file. Finally the green curve shows the evolution of the normal stress 
defined as the ratio of the reaction force in the normal direction Fzz and the initial area Axy. All 
these values are plotted as a function of strain εzz.  
 
Results in Figure 19 derive from the method described before. The blue and the violet curves 
represent respectively the evolution of Eratio_tens and the evolution of Eratio_force_area (MPa) as a 
function of strain εzz whereas the orange one shows the evolution of the modulus of elasticity 
assigned to the material. Errors in % between the moduli of elasticity assigned and those 
assessed (orange bars:  Eratio_tens, blue bars: Eratio_force_area) have also been plotted.  
 

2.2.1.3. Conclusion 
 
Several comments can be made concerning the previous results. First, both methods have 
been developed to assess the stiffness in the sample at the end of the traction phase: for 
both linear and non-linear materials assigned to the finite-element model, Eratio_tens and 
Eratio_force_area give quietly the same results. Given this observation it can be said that the 
handmade toolbox using a graphic form assesses the stiffness of the sample correctly.  
 
Concerning the error between the stiffness assessed by the handmade toolbox and the 
stiffness assigned to the material, its margin is relatively low for a non-linear material for 
small displacements (inf. to 10% up to 10% strain) but higher for higher displacements. 
However as it does not exceed 18% it can be said that the method is reliable concerning the 
stiffness assessment in the sample for a non-linear material.  
 
The error margin for the linear material stays quietly constant (as a function of strain rate) 
and equal to about 18%. For both kinds of materials, “geometry effects” may be responsible 
for these errors since the geometry cannot be considered as perfect. Similar simulations 
have been with more regular geometry (e.g. cube) and results have shown a much lower 
error margin. 
 
Therefore this method has been considered as reliable concerning the traction phase. This 
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means that it is possible to study stiffness assessed by the shear wave propagation speed. 
 
 

2.2.2. Method validation for modulus of elasticity assessment using shear 
wave propagation speed 

 
 

2.2.2.1. Method 
 
Before evaluating the influence of mechanical parameters (e.g. anisotropy) it is important to 
check that the stiffness inside the sample is correctly assessed during the simulation. For 
that purpose simulations have been made using the mesh described before and the same 
material assumptions used for SWE have been chosen:  
 

 Linear elastic material 
 Incompressible material 
 Isotropic material 

 
Therefore the material 01_ELASTIC (2 material parameters) has been chosen in the LS-
Dyna material library. The Young’s modulus has been assigned to 0.15 MPa and the 
Poisson’s ratio has been chosen equal to 0.495 (Gras, 2011). The isotropic property is set by 
default on the LS-Dyna software.   
 
The method validation consists in assessing the real Young’s modulus with the shear wave 
propagation method described before with dz ranging from 0 to 25 mm (displacement step 
equal to 5 mm) for the traction phase. The real Young’s modulus is assessed for each 
displacement step. This equivalent Young’s modulus will be then compared with the real 
Young’s modulus Erap_tens in the sample.  
 
The two segments described in the Figure 13 have been used and an equivalent Young’s 
modulus have been assessed for each segment by averaging the Young’s modulus 
computing for each path of each segments. The time step for graphical analysis has been 
chosen to 1x10-6 s. The phase B (radiation force) has been set to 0.1 ms long and the shear 
wave propagation analysis lasts 0.26 s. 
 
Finally both equivalent Young’s moduli for each segment are averaged at each displacement 
step. These last data lead to the computation of the error which could exist between the real 
stiffness inside the sample (Eratio_tens) and the equivalent Young’s modulus.  
 
In order to validate the method several curves have been plotted. First, the Young’s modulus 
assigned to the material Eassign has been plotted as a function of strain. Eratio_tens and 
Eratio_force_area have also been plotted as a function of strain. Finally the evolution of Eseg1 and 
Eseg2 is shown as a function of strain. 
 
 

2.2.2.2. Results 
 
In Figure 20 are shown the evolution of different Young’s moduli (MPa) computed as a 
function of strain. E_ass, E_rap_tens, E_rap_for_area, E_seg1, E_seg2, E_av_s1_s2 corresponds respectively 
to the Young’s modulus assigned to the material, Eratio_tens, Eratio_force_area, the Young’s modulus 
averaged on the first segment, the Young’s modulus averaged on the second segment and 
the average between these last two Young’s moduli. Finally, the error at each displacement 
(%) between the real Young’s modulus (E_rap_tens) and E_av_s1_s2 is shown under a bar form.  
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Figure 20: Results of the validation of the finite-element model and validation of the method for computing the 

equivalent Young’s modulus.  

 
2.2.2.3. Conclusion 

 
Several comments can be made about the results plotted in the previous section. The 
Young’s moduli E_rap_tens, E_rap_for_area are of the same order of magnitude as those assessed 
in the section 2.2.1.2. Moreover the evolution of area Axy as a function of strain has been 
studied. It has been shown that it decreases linearly from 0 to 11% strain rate with the same 
slope whereas after 11% strain rate, it also decreases linearly but with a different slope. This 
statement confirms the hypothesis mentioned in the section 2.2.1.2: the decrease of E_rap_tens, 
E_rap_for_are may be the consequence of “geometric” effects because the area Axy should 
decrease linearly as a function of strain and in doing so, from 0 to 15%. 
 
The error bars plotted in Figure 20 show the error margin between the averaged Young’s 
modulus assessed from shear wave propagation and E_rap_tens stay low for any strain rate 
(max. 11%). Even if the Young’s modulus assessed from shear wave propagation increases 
as a function of strain whereas E_rap_tens decreases, this phenomenon has not been 
explained. However for a given strain rate, the margin error has been considered as low 
enough to validate the model. 
 
 

2.3. Method for estimating the influence of mechanical 
parameters in the assessment of an equivalent modulus of 
elasticity 

 
 

2.3.1. Quantification of influence parameters 
 
As mentioned in the introduction of this report, the aim of this study is to evaluate the 
influence of mechanical parameters on the shear wave propagation and therefore the 
assessment of an equivalent modulus of elasticity. Three of them have been chosen and are 
strain, material non-linearity and incompressibility. The first step has been to quantify these 
mechanical parameters: 
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 Strain 
 
As it has been shown in the previous sections, for a linear elastic material, the modulus of 
elasticity assessed from shear wave propagation does not stay the same as a function of 
strain. Moreover one assumption taken into account by SWE is the small strain rate. 
Therefore it is necessary to know the influence of this parameters regarding the other 
influence parameters. As in the previous part, this parameter that will be called dispz is 
defined as the ratio between the displacement prescribed in the normal direction of the 
sample and the sample initial length in the normal direction.  
 

 Non linearity of the material 
 
It has been explained that one of the material assumptions taken into account by SWE is the 
material linearity so that the relation E=3ρv² stays valuable. Yet the muscle tissue cannot be 
considered as linear elastic material (hyperelastic) therefore it is also necessary to assess 
the influence of this parameter. 
 
This parameter will be called β and has been defined as the same coefficient as the one 
described in the section 2.2.1.1. From the experimental stress/strain curve, a linear curve 
has been computed passing through the origin and through its maximum. After that, the 
curve used for the simulation has been defined as the difference between both previous 
curves multiplied by a coefficient β. The influence of this parameter will be then assessed on 
the shear wave propagation regarding the other influence parameters. The lower β is, the 
stronger the non-linearity is pronounced (Figure 21). 
 

 
Figure 21: Normal stress vs. strain curves for β taking different values (0-0.2-0.5-1) 

 
 Poisson’s ratio 

 
Another material assumptions taken into account by SWE is the material incompressibility. 
This mechanical parameter is quantified by the Poisson’s ratio ν.  
 

2.3.2. Experimental design 
 
The different inputs and outputs of simulation are represented in Figure 22. Data are 
explained in following sections. 
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Figure 22: Inputs and outputs for LS-Opt iterations 

 
2.3.2.1. Input 

 
An experimental design has been defined in order to estimate the influence of the three 
mechanical parameters on the shear wave propagation (Appendix 1). Three different values 
have been assigned for each parameter (Table 1). Therefore the experimental design has 
got 33 data sets. Each mechanical parameter value has been normalized as following: +1 for 
the maximum, 0 for the values somewhere in the middle and -1 for the minimum one. 
 

Mechanical parameters 
dispz ν β 

Absolute value 
(%) 

Normalized 
value 

Normalized 
value 

Absolute 
value 

Normalized 
value 

Absolute value 

3.5 -1 -1 0.2 0.2 -1 
8.1 0 0 0.5 0.5 0 
15.4 1 1 1 1 1 

Table 1: Values (absolute and normalized) assigned for each mechanical parameters 

 
2.3.2.2. Output 

 
Three values are used in output in order to study the influence of mechanical parameters 
described in the previous part:  
 

 The ratio between the modulus of elasticity assessed on the 
segment 1 (Figure 22) defined in the normal direction (z-direction) and the 
modulus of elasticity assessed to the material from the stress/strain curve 
using the Hook’s law. 

 
  The ratio between the modulus of elasticity assessed on the 

segment 2 (Figure 23) defined in the transverse direction (x-direction) and 
the modulus of elasticity assessed to the material from the stress/strain 
curve using the Hook’s law. 

 
 The ratio between both moduli of elasticity described above. 

 

dispz 

ν 

β 

 

 

 

LS-Opt  
iteration 
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Figure 23: Segment definition. The horizontal one (1) assesses a modulus of elasticity in the transverse direction 
and the vertical one (2) assesses a modulus of elasticity in the normal direction.  

 
2.3.3. Simulations set up 

 
In order to perform all the simulations of the experimental design, the software LS-Opt 
(LSTC, Livermore Software Technology Corporation, California) has been used. This 
software can be coupled with LS-Dyna in order to perform optimization problem such as 
sensitivity study. From a csv-file where all experimental design values state, LS-Opt updates 
parameters in the finite-element model files and launches simulations. However the post-
processing uses a handmade toolbox used with the software Matlab (Mathworks, France) 
therefore a perl-macro have had to be developed. This one is described in Appendix 2. 
 

2.3.4. Post-processing 
 
At the end of simulations, results are consolidated and a response surface methodology as a 
post-processing analysis is used in order to assess the influence of mechanical parameters 
on the assessment of an equivalent modulus of elasticity of the sample using the shear wave 
propagation speed. 
 
The regstats function available with the software Matlab (Mathworks, France) is used in order 
to get a surface response. After discretizing the input data sets in twenty-five values, a 
quadratic polynomial regression is made from the results consolidation. The 2-order 
polynomial describing the surface response can be written as following: 
 

 
 
x, y and z are the input data, i.e. dispz, ν and ε data which can be seen in Appendix 1. a, b, c 
and d are the quadratic regression polynomial coefficients.  represents the residual. 
 
As the polynomial is defined as a function of three parameters that are the mechanical 
parameters, absolute values of theses coefficients show the influence of them for a given 
output. The bigger they are, the more influent mechanical parameters are for a given output 
(Table 2). 
 
 
 

. . . . . . . . . . 
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Polynomial 
coefficients 

a b c ab ac bc a² b² c² 

Mechanical 
parameters 

dispz ν ε coupling of 
dispz and ν 

coupling of 
dispz and ε 

coupling 
of ν and ε 

square of 
dispz 

square 
of ν 

square 
of ε 

 
Table 2: Match between polynomial coefficients and mechanical parameters influence 

3. Results 
 
The computing time for this experimental design is about 16 hours. Results from simulations 
are consolidated in the Table 3 and the 2-order polynomial from the quadratic regression is 
plotted in Appendix 3. The influence of parameters are plotted in Figure 24, 25 and 26 as a 
Pareto chart form: blue bars  
 
 
 
 

dispz ν ε    
 

5 0,495 0,5 1,20 0,08 2,37 
11 0,495 0,5 3,77 0,73 2,75 
22 0,495 0,5 5,36 0,99 3,20 
5 0,4 1 0,46 0,32 0,79 
11 0,4 1 0,57 0,26 0,58 
22 0,4 1 0,03 0,02 0,95 
5 0,4475 1 0,51 0,27 0,67 
11 0,4475 1 0,55 0,21 0,57 
22 0,4475 1 0,56 0,05 0,41 
5 0,495 1 0,39 0,15 0,71 
11 0,495 1 0,45 0,07 0,59 
22 0,495 1 0,54 0,36 0,34 
5 0,4 0,2 1,85 0,04 2,76 
11 0,4 0,2 6,31 0,23 5,97 
22 0,4 0,2 4,08 0,25 4,05 
5 0,4475 0,2 2,07 0,01 3,04 
11 0,4475 0,2 7,75 0,33 6,59 
22 0,4475 0,2 5,18 0,68 3,68 
5 0,495 0,2 3,21 0,26 3,34 
11 0,495 0,2 11,29 2,14 3,91 
22 0,495 0,2 8,72 1,67 3,64 
5 0,4 0,5 0,51 0,08 1,64 
11 0,4 0,5 2,04 0,18 2,58 
22 0,4 0,5 2,05 0,07 2,84 
5 0,4475 0,5 0,85 0,14 2,15 
11 0,4475 0,5 2,83 0,25 3,07 
22 0,4475 0,5 4,13 0,26 4,09 

 
Table 3: Simulations results from the experimental design 
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Figure 24: Influence of mechanical parameters on the shear wave propagation (output: ) 

 

 
Figure 25: Influence of mechanical parameters on the shear wave propagation (output: )   

 

 
Figure 26: Influence of mechanical parameters on the shear wave propagation (output: ) 
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From previous results and concerning the transverse direction, it clearly appears that the 
material non-linearity β and the squared strain dispz are the most influent mechanical 
parameters regarding the equivalent transverse modulus of elasticity whereas other 
parameters have the same influence. Regarding the longitudinal direction no mechanical 
parameter has a highest influence regarding other ones. The linear shape of the curve 
representing the cumulative percentage in Figure 25 confirms this interpretation. Concerning 
the ratio between the equivalent moduli of elasticity in the transversal and longitudinal 
directions, it is clearly shown that the non-linearity is also the most influent parameters on 
shear wave propagation. The cumulative percentage curve plotted in Figure 26 of which the 
shape is flattened confirms this interpretation. 

 

4. Discussion and conclusion 
 

4.1. Finite-element model and shear wave propagation study 
 
Several comments are already made in the sections 2.2.1.3 and 2.2.2.3. It has been seen 
that the traction phase is correctly simulated and the rigidity correctly assessed. Two kinds of 
material has been (linear and non-linear material) used to validate this first simulation part. 
The error between the modulus of elasticity assigned to the material and the one assessed 
by the graphic analysis does not exceed 18%. Moreover it evolves as a function of strain rate 
the same way as the modulus of elasticity assigned derived from the Hook’s law (Figure 17, 
Figure 20). These errors have been interpreted as “geometric” effects. According to the 
evolution of the area Axy (described in the section 2.2.2.3) the initial geometry may not be 
considered by the LS-Dyna as preloaded. 
 
Concerning the modulus of elasticity assessed with the shear wave propagation, it has also 
been seen that the shear wave propagation speed is correctly assessed. However it has 
been shown that as a function of strain rate both moduli of elasticity (from shear wave 
propagation and from the ratio  for instance) does not evolve identically. This 
phenomenon has not been explained as part of this study. The same mesh has been used 
for all simulations. Sensitivity studies could be done in the context of future studies in order to 
understand this phenomenon. However it has been shown that the error margin for each 
displacement step was sufficiently low not to be prejudicial for the equivalent modulus of 
elasticity assessment.  
 
A graphical form analysis has been developed in order to study shear wave propagation. It is 
true that nodal displacements or velocities could have been used for this. Segments, paths 
and extremities described in the section 2.1.3.1 could have been defined using positions of 
nodes. However nodes have not the same positions at the beginning and the end of the 
traction phase. Therefore it is more difficult to have total control about the directions in which 
shear wave propagation is studied. This method can assess modulus of elasticity in any 
direction independently of the mesh used.   
 
Full integration method has been used for this study. Compared to a semi-integration 
method, full-integrated methods have the disadvantage of increasing computation time in 
particular for the implicit method. At the beginning of this study semi-integrated elements 
were used and lead to a bad modulus of elasticity assessment (up to 60% error). The semi-
integration method is usually used but leads to an unrealistic mesh deformation and 
therefore to an unrealistic shear wave propagation. 
 
The traction phase has been simulated with an implicit method which increases considerably 
the computation time. This kind of method has been chosen in order to minimize residual 



Master’s thesis: Mechanical parameters influence study of the shear wave mechanical characterization method  
 

26 
 

Research Master MEGA speciality Biomechanics Anicet Le Ruyet – September 23rd 2013 

nodal velocities that could be taken into account during the graphical analysis. Likewise 
concerning the method to assess the modulus of elasticity using shear wave propagation, it 
has been explained using y-displacements whereas y-velocities have been used. In fact as it 
is the time delay that is assessed there is no incidence using y-velocities. Both y-velocities 
and y-displacements curves have the same periodicity. Therefore the traction phase is 
simulated as a preload using the option Dynamic Relaxation. This option reinitializes all 
nodal velocities at the end of the traction phase. Therefore there are not residual velocities 
taking into account during the graphical analysis.  
 
Finally it has also been shown that the amplitude of y-velocities at the passage of the shear 
wave decreases considerably, farer from the point P the study is made. This means that 
energy is lost during shear wave propagation and can influence its speed and therefore the 
assessment of modulus of elasticity. This loss of energy could come from the non-infinite 
geometry used in this study. It could be interesting to use LS-Dyna options such as Boundary 
nonreflecting which aims to simulate an infinite geometry from a non-infinite one and to 
assess its influence on shear wave propagation.  
 
 

4.2. Mechanical parameters influence the shear wave 
propagation 

 
 
From results figured in the section 3, several comments can be made. Three mechanical 
parameters (strain rate, material non linearity and material incompressibility) have been 
quantified and their influence on shear wave propagation studied. For that purpose, the 
shear wave propagation has been studied in two directions: longitudinally and transversely 
regarding the traction direction as well as the ratio between the equivalent moduli of elasticity 
in the transversal and longitudinal directions.  
 

 

 
 
 

Figure 27:  Shear wave propagation visualization for material non-linearity coefficients β and different types of 
material (a: β=1 linear elastic, b: β=1 ogden material, c: β=0.2 ogden material) 

a) b) c) 

z z 
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According to the Figure 25, the first interpretation that can be made is that the equivalent 
longitudinal modulus of elasticity is not affected even if other mechanical parameters than 
those taken into account by SWE are chosen. The Figure 27 confirms this purpose: for the 
material non-linearity, the shear wave propagates at the same speed in the medium. The 
length between the point P and the shear wave front stays the same in the normal direction.  
However the material non-linearity has a high influence on the equivalent moduli of elasticity 
in the transversal direction. As it can be seen in the Figure 24 and in the Figure 27, the shear 
wave does not propagate the same way in the transverse direction when the material non-
linearity is taken into account. It appears that the less linear the material is, the higher the 
shear wave propagation speed will be. Therefore the results plotted in Figure 28 are 
consistent with those described before.  
 
This different wave propagation speeds in the transverse and in the longitudinal directions 
lead to an elliptical propagation around the node set on which the y-motion has been 
prescribed, instead of a circular one. Such results could have been expected for an 
anisotropic material for instance. This phenomenon can be due to the fact that the sample 
normal length is higher than the transverse one. Therefore the shear wave has to move a 
smaller quantity of material in the transverse direction than the longitudinal one. Hence the 
shear wave propagates at a higher speed in the transverse direction. 
 
Only one material using an experimental stress/strain curve has been used (Ogden material). 
It can be seen in the Figure 27 that for a linear stress/strain curve, the propagation of the 
shear wave is not as circular as it can be so for an elastic material. This phenomenon has 
been explained by the fact that this kind of material (Ogden) expects, as an input, a non-
linear stress/strain curve. Therefore other kind of materials that could lead to a circular shear 
wave propagation for a linear stress/strain curve should be used in future studies. Thus the 
influence of mechanical parameters could be better assessed.   
 
These results provide several limitations: as explained in the section 2.3.2.1, for each 
mechanical parameter three values of them have been used for establishing an experimental 
design. This is two few to get a realistic influence of mechanical parameters on shear wave 
propagation. However this experimental design lead to perform 27 iterations (16 hours 
computing time). Therefore as part of this study it has not been possible to generate a fuller 
experimental design. 
 
Another limit is the computation of the output data described in the section 2.3.2.2. The 
moduli of elasticity compared are those coming from shear wave propagation and coming 
from the material assigned according to the Hook’s law (ratio stress/strain). Now it has been 
showed in the section 2.2.1.2 that there is an error margin between the modulus of elasticity 
assigned to the material and the real stiffness in the sample at the end of the traction phase. 
Therefore include the handmade toolbox, which assesses graphically the stiffness in the 
sample, in the LS-Opt process would lead to a better assessment of the error between the 
real stiffness and the moduli of elasticity assessed with shear wave propagation as output 
data. It has not been made in order to minimize the computing time but could be done in 
future studies. 
 
The influence of one mechanical property regarding muscle tissue has not been studied 
during this internship. According to the section 1.1.2 and because of its fibrous structure, 
muscle tissue is transversely isotropic. This mechanical parameter has been quantified by a 
coefficient α but it has not been assigned to the finite-element model. In order to evaluate the 
influence of this parameter, it had been decided, from a stress/strain curve defined for the 
normal direction, to multiply data of the last one by a coefficient α (α<1) so that the sample 
stiffness was lower in the transverse direction, i.e. the direction orthogonal to the fiber 
direction. However no transversely isotropic material defined with a stress vs. strain curve 
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has been found in the LS-Dyna manual. A solution could be to use a user-defined material 
UMAT in the LS-Dyna material library and could be done in future studies. This 
notwithstanding, simulations have been performed using an orthotropic elastic material 
002_orthotropic material but stability problems avoid to use this material. 
 
From iteration results a quadratic polynomial regression has been made. This kind of method 
has been chosen in order to study the influence of not only the parameters and their coupling 
but also the squared parameters. This lead to show the quadratic response when the 
transverse modulus of elasticity was assessed. However the software used to perform this 
experimental design (LS-Opt, LSTC, California) can generate this kind of results. Rather than 
using a MATLAB code future studies could use these tools more adapted to this kind of 
issue. 
 
 

5. Conclusion 
 
The aim of this study was to assess the influence of mechanical parameters on the shear 
wave propagation and therefore the equivalent modulus of elasticity derived from the shear 
wave propagation speed. For that purpose several tools have been developed and validated 
using material properties assumed by SWE (isotropic, non-linear and incompressible 
material). 
 
A finite-element model has been developed using the same boundary conditions as those 
used during an experimental test and an experimental design has been defined in order to 
estimate the influence of three mechanical parameters (strain rate, incompressibility and 
material non linearity) on the assessment of equivalent moduli of elasticity in the longitudinal 
and transverse direction.  
 
As a result it appears that the material linearity is the most influent parameter on the 
assessment of moduli of elasticity in the transverse direction whereas no mechanical 
parameter seems to be influent on the modulus of elasticity assessment in the longitudinal 
direction. Approaches have been explained in order to improve the influence assessment of 
mechanical parameters on shear wave propagation as well as methods to study the 
influence of one mechanical parameter that has not been made in this report but that could 
be responsible for divergence described in the issue part of this study: anisotropy.  
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10. Appendix 
 

10.1. Experimentation design: Absolute and normalized values 
used 

 
dispz ν β  dispz ν β 

 5 0,495 0,5  -1 1 0 
11 0,495 0,5  0 1 0 
22 0,495 0,5  1 1 0 
5 0,4 1  -1 -1 1 
11 0,4 1  0 -1 1 
22 0,4 1  1 -1 1 
5 0,4475 1  -1 0 1 
11 0,4475 1  0 0 1 
22 0,4475 1  1 0 1 
5 0,495 1  -1 1 1 
11 0,495 1  0 1 1 
22 0,495 1  1 1 1 
5 0,4 0,2  -1 -1 -1 
11 0,4 0,2  0 -1 -1 
22 0,4 0,2  1 -1 -1 
5 0,4475 0,2  -1 0 -1 
11 0,4475 0,2  0 0 -1 
22 0,4475 0,2  1 0 -1 
5 0,495 0,2  -1 1 -1 
11 0,495 0,2  0 1 -1 
22 0,495 0,2  1 1 -1 
5 0,4 0,5  -1 -1 -1 
11 0,4 0,5  0 -1 -1 
22 0,4 0,5  1 -1 -1 
5 0,4475 0,5  -1 0 -1 
11 0,4475 0,5  0 0 -1 
22 0,4475 0,5  1 0 -1 
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10.2. LS-Opt procedure 
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10.3. Quadratic response surface model: experimental design 
 
 
 
 
 
 
 
 

 
Figu: Quadratic response surface model (output: ) 
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Figure 28: Quadratic response surface model (output: ) 
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Figure 29: Quadratic response surface model (output: ) 
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$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
Command file "com_file" 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
"Calcul de Fz pour Fleche = 2mm" 
$ 
solver 1 
responses 1 
$ 
$ NO HISTORIES ARE DEFINED 
$ 
$ DESIGN VARIABLES 
$ 
variables 1 
 Variable 'Fz' 0. 
  Lower bound variable 'Fz' 0. 
  Upper bound variable 'Fz' 1.e2 
$      OPTIMIZATION METHOD    
Optimization Method SRSM 

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
$      SOLVER "1" 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
$ DEFINITION OF SOLVER "1" 
 solver own '1' 
  solver command "C:\ACTIVE_PERL\Perl64\bin\perl.exe" 
  solver input file "function_p" 
$ ------ Pre-processor -------- 
$   NO PREPROCESSOR SPECIFIED 
$ ------ Post-processor -------- 
$   NO POSTPROCESSOR SPECIFIED 
$ ------ Metamodeling --------- 
  solver order linear 
  solver experiment design dopt 
$ ------ Job information ------ 
  solver concurrent jobs 1 
$ 
$ RESPONSES FOR SOLVER "1" 
$ 
 response 'F' 1 0 "type out.txt" 
$ OBJECTIVE FUNCTIONS 
 objectives 1 
 objective 'F' 1 
$ THERE ARE NO CONSTRAINTS!!! 
 constraints 0 

$ PARAMETERS FOR METAMODEL OPTIMIZATION 
 Metamodel Optimization Strategy DOMAINREDUCTION 
  iterate param design 0.01 
  iterate param objective 0.01 
  iterate param stoppingtype and 
  iterate param response 1 
$ 
$ OPTIMIZATION ALGORITHM 
$ 
 Optimization Algorithm hybrid simulated annealing 
  Use GSA 
$ 
$ JOB INFO 
$ 
 iterate 10 
STOP 

Intitulé du problème 

Nombre d’analyse : 1 
Nombre de points permettant de 
calculer la fonction objectif : 1 

Définition de la variable : 

1 unique variable : Fz, initialisée à 
0N et comprise entre 0N et 100N 

Choix de la méthode d’optimisation 

Paramétrage de l’analyse 

Numéro de l’analyse : 1 
Programme executé : PERL 

Fichier executé par le programme : 
function_p (macro perl) 

… 

Définition de la réponse (fleche) : 
Nom : F 
Valeur : obtenue en extrayant la 
valeur contenue dans le fichier 
out.txt, avec la commande type (*)
Pas de contraintes sur la fonction 
objectif 

Paramétrage de l’algorithme 
d’optimisation et du méta model. 
(se référer à la doc. d’LS-OPT) 

(*) équivalent windows de la fonction Linux cat, utilisée dans l’exemple ’’user define function’’)



C:\ACTIVE_PERL\Perl64\bin\ 

C:\LS_DYNA\...\rep_opti\00_model

/cygdrive/c/LSDYNA/.../rep_opti\00_model 

#![path_perl] perl   

 $rFz=<<Fz:10>>; 

## copie du modèle dans le répertoire courant 

system("cp [path_model]/def_function.m def_function.m"); 
system("cp [path_model] /*.k* ./"); 
system("cp [path_model] /launch_matlab.bat launch_matlab.bat"); 

# ecriture des paramètres d'entrée du programme MATLAB 

open(FILE,'>parametres_matlab.dat'); 
print FILE"rFz=$rFz\n"; 
close FILE; 

# execution du programme MATLAB def_function.m : 
#      mise à jour du fichier LSDYNA 
#      lancement du job 
#      lancement du post traitement 

system("launch_matlab.bat"); 

# Test existence de tous les fichiers de sortie : 
#    ECRITURE DE LA CHAINE   N o r m a l    
#    DANS LA SORTIE STANDARD 

$TEST="0"; 

$fichier1="out.txt"; 

print $TEST; 
print "\n"; 

while($TEST eq "0"){ 
if (-e $fichier1){ 
$TEST="1"; 

print "    >>> Le fichier de sortie est ECRIT !\n";
print "\n"; 
print "N o r m a l\n"; 
} 
else{ 
print ">>> ATTENTE\n"; 
system("sleep 0.5"); 
} 
}end; 

Appel au langage Perl

Definition de la variable Fz 
(convention LS-OPT : la 
chaine <<Fz:10>> sera mise à 
jour à chaque itération. 

 Copie des fichiers 
LS-DYNA, du programme 
Matlab et du fichier 

batch de lancement dans le 
répertoire courant 

Ecriture de la 
variable Fz mise à 
jour dans le fichier 

texte parametre_matlab.dat : 

Pour rFz=150, alors : 

Execution de la macro matlab 
def_function.m 

La fonction def_function.m 
lit 
parametre_matlab.dat,mets à 
jour le modèle LS-DYNA, 
lance le calcul et le 
dépouillement, puis écrit la 
valeur f(Fz) dans out.txt

Le programme teste 
l’existence du fichier 
out.txt dans le répertoire 
courant toutes les 0.5s : 

Si le fichier n’existe pas 
(i.e. le traitement matlab 
n’a pas aboutit), alors la 
sortie standard vaut 
« >>> ATTENTE » 

Si le fichier existe (i.e. 
le traitement matlab a 
aboutit), alors la sortie 
standard vaut 
« N o r m a l\n » 



‘C:\LS_DYNA\...\rep_opti\01_toolbox\’

clear all
close all
clc 
  
% executables

LSDYNA='"C:\LSDYNA\program\ls971_s_R6.0.0_winx64_p.exe"'; 
LSPP='"C:\Program Files\LSTC\LS-PrePost\3.2-
X64\lsprepost.exe"'; 
  
% librairie locale
rep_lib=[path_toolbox]; 
  
path(path,rep_lib); 
  
% lecture des parametres courants

FICH_para=textread('parametres_matlab.dat','%s',… 
                   'delimiter','\n'); 
for i=1:size(FICH_para,1); 
    str=FICH_para{i,1}; 
    para{i,1}=str(1,1:strfind(str,'=')-1); 
    val=str2num(str(1,strfind(str,'=')+1:size(str,2))); 
     
    % arrondi
    valeur{i,1}=num2str(val,3); 
     
end

% mise à jour du fichier .k

FICH_k=textread('parametres.k','%s','delimiter','\n'); 
FICH_k_m=FICH_k; 
  
for i=1:size(para,1); 
    pos=strmatch(para{i,1},FICH_k); 
    pos=pos(1,1);     
    str=[para{i,1},',',valeur{i,1}];     
    FICH_k_m(pos,1)={str};      
end

% export du fichier mis à jour avec les paramètres courants
fonc_export(FICH_k_m,'parametres_MAJ.k') 
  

% % execution du calcul LS-DYNA
ncpus=3; 
memory='100m'; 
  
launch_v3(LSDYNA,'./',ncpus,memory,'simulation.k',[]) 
  

Nettoyage workspace et 
console window. 

Executables LS-DYNA et LS-
PREPOST (voir section 
Prerequis) 

Chargement de la toolbox 

Lecture de la valeur 
Fz mise à jour par LS-
OPT dans le fichier 

parametre_matlab.dat

Mise à jour du modèle LS-
DYNA : 
lecture de 

Remplacement de la chaine 
XXX par la valeur courante 
de Fz 

Export du fichier mis à jour 
Parametre_MAJ.k 

Lancement du calcul 
LS-
DYNA simulation.k : 

Arguments de la fonction 
launch_v3 : 

Executable LS_DYNA 
Repertoire de la 
simulation (ici : 
répertoire courant) 



% Dépouillement : extraction de la contrainte de cisaillement 
dans une coupe
% longitudinale

pid_h=[1]; 
pid_b=[]; 
  
P=[0,23,0]; 
nP=[0,1,0]; 
  
num_pas=11; 
data_extract=[19]; 
facteur_zoom=1.2; 
  

rx=0; 
ry=0; 
rz=0; 

nographics='-nographics'; 

  

struct_out=fonc_extract_data_coupes_V9('windows',LSPP, 
'.',pid_h,pid_b,P,nP,num_pas,data_extract, 

 rx,ry,rz,facteur_zoom,nographics) ; 
  

% recherche de la fleche maximale calculée dans la coupe

fleche_max=min(min(struct_out.DZ)); 
  

% écart par rapport à la fleche cible

fleche_cible=-2;  
delta_fleche=abs(fleche_max-fleche_cible); 
  
% ecriture de la valeur dans un fichier texte

fonc_export({delta_fleche},'out.txt'); 
  
exit 

Calcul de la fonction 
objectif 

Extraction des déplcaments 
Dz dans la coupe (P,Y), à 
l’aide de la fonction  
fonc_extract_data_coupes_V9 

arguments : 

pid_h : 
n° des parts ’’volumique’’ 
intersectée par le plan de 
coupe (ici pid_h=1) 

pid_b 
n° des parts ’’poutres’’ 
intersectées par le plan de 
coupe (aucune ce cas) 

définition du plan de coupe  
P : point 
nP : vecteur normal au plan 

num_pas : numéro du step 
concerné par la coupe 
ici : 11 correspond à 
l’instant t=0.1s stocké dans 
le fichier D3PLOT (*) 

data_extract : liste des 
champs post traités (champ 
19 : deplacement suivant Z) 

rx,ry,rz = rotation de la 
visualisation de la coupe 
par rapport à la normale à 
la coupe. 

facteur_zoom: zoom sur la 
visualisation (de (1-
facteur_zoom)*100%) 

nographics : 
si = ‘’, LS-Prepost exécute 
l’extraction en mode 
interactif 
si =’-nographics’, 
extraction en batch. 

Extraction des données de la 
coupe, stockées dans la 
structure de donnée 
struct_out. 

Calcul de la flèche (valeur 
minimale du déplacement 
suivant Z) 

Calcul de la fonction 
objectif 

Ecriture de la fonction 
objectif dans le fichier 
texte out.txt lu par LS-OPT 

Sortie de Matlab à l’issue 
du traitement



*KEYWORD   
*TITLE 
$# title 
modele fleche 
*INCLUDE 
parametres_MAJ.k 

*CONTROL_TERMINATION 
$#  endtim    endcyc     dtmin    endeng    endmas 
       0.1         0     0.000     0.000     0.000 

*CONTROL_TIMESTEP 
(…) 
*DATABASE_BINARY_D3PLOT 
      0.01 
*DATABASE_NODOUT 
$       dt 
      0.01 
*DATABASE_HISTORY_NODE_SET 
$    nsid1     nsid2      
         1         2 

*DEFINE_CURVE_TITLE 
courbe chargement (effort)) 
$#    lcid      sidr       sfa       sfo       
         1         0  1.000000  1.000000      
$#                a1                  o1 
               0.000                  0. 
               0.100                 &Fz
*PART 
$# title 
structure 
$#     pid     secid       mid      
         1         1         1          
*SECTION_SOLID_TITLE 
section 
$#   secid    elform       aet 
         1         1         0 
*LOAD_NODE_SET 
$#    nsid       dof      lcid        sf      (…) 
         2         3         1      -1.0      (…) 
*BOUNDARY_SPC_SET 
*MAT_ELASTIC 
$      mid        ro         e        pr 
         1   7.9E-09    210000       0.3 
$ maillage 
*INCLUDE 
mesh.k 
*END 

En tête du modèle LS-DYNA 

Import du fichier parametre_MAJ.k

Ce fichier est écrit dans le 
répertoire courant suite à l’étape 
mise à jour du modèle : 

Si Fz courant = 150, alors : 

L’instant final de la simulation est  
endtime = 0.1s 

Le pas de temps de stockage du fichier 
D3PLOT est de 0.01s 

Donc le pas n°11 correspond à l’instant 
t=endtime. (dépouillment effectué à 
l’instant final de la simulation) 

Courbe de chargement (rampe, voir fig. 4) 

L’effort maximal, dont la valeur est  
stockée dans parametres_MAJ.k sous la 
forme du paramètre rFz, est atteint à 
t = endtime. 

Pid = 1 : numéro de la pièce, argument 
pid_h de la fonction matlab 
fonc_extract_data_coupes_V9

Poursuite de la définition du modèle 

Import du maillage



•

[STDOUT]     >>> ATTENTE 

[STDOUT]     >>> Le fichier de sortie est ECRIT ! 
[STDOUT]  
[STDOUT] N o r m a l 






